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We have implemented a first-principle Optimal Estimation Method to retrieve ozone density profiles us-
ing simultaneously tropospheric and stratospheric Differential Absorption Lidar (DIAL) measurements.
Our retrieval extends from 2.5 km to about 42 km in altitude, and in the upper troposphere and the lower
stratosphere (UTLS) it shows a significant improvement in the overlapping region, where the OEM can
retrieve a single ozone profile consistent with the measurements from both lidars. Here stratospheric
and the tropospheric measurements from the Observatoire de Haute Provence are used, and the OEM
retrievals in the UTLS region compared with coincident ozonesonde measurements. The retrieved ozone
profile have a small statistical uncertainty in the UTLS region relative to individual determinations of
ozone from each lidar, and the maximum statistical uncertainty does not exceed a maximum of 7%. © 2018
Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

The upper troposphere and lower stratosphere (UTLS) extends from about 6 km to 25 km in height and plays
a significant role in the atmospheric climate system. In this region of the atmosphere, even small changes
in temperature and in the distribution and concentration of greenhouse gases can result in large changes in
atmospheric radiative forcing, which can trigger climate change [1, 2].

Ozone in the upper troposphere acts as the third largest greenhouse gas contributing to the radiative
forcing of climate change [1, 3]. The ozone distribution in the UTLS is the result of transport mechanisms and
photochemical reactions. Because of stratospheric tropospheric exchange, large spatial and temporal variability
can be observed in the UTLS [4].

In many studies on the UTLS ozone, satellite-borne instruments are used. In limb-viewing instruments,
the elevation angle of the line-of-sight varies during the measurements. As a result, limb sounders can
provide good vertical resolution (about 2 km to 4 km). However, at lower altitudes (lower troposphere), the
atmosphere becomes nearly opaque, and the limb-viewing instruments have difficulties measuring trace
gases. Nadir-viewing instruments can provide measurements in the lower troposphere, but their vertical
resolution is limited (about 6 km to 7 km). Occultation instruments use the Sun or other stars as the source
of radiation, and they can obtain measurements with higher vertical resolution (about 1 km to 2 km). Solar
occultation instruments are restricted by the number of sunsets and sunrises they encounter in one orbit, while
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stellar occultation instruments are limited by the weakness of the stellar source compared to the Sun. The
combination of measurements from different geometrical-based satellite instruments has been used to measure
ozone density.

In the UTLS, large biases (differences) in ozone measurements are reported between instruments. Although
the difference between the data sets is more significant in the tropics and high latitudes (about + 30%),
significant bias exists at mid-latitudes (about £ 10%) [5]. Therefore, a continued detailed intercomparison
between satellite instruments, as well as between satellites and other instruments, is needed, including both
airborne measurements and ground-based measurements.

Differential Absorption Lidar (DIAL) systems provide ozone measurements with high vertical and temporal
resolutions. For example, observatories such as the Canadian Network for the Detection of Atmospheric
Change (CANDAC) Polar Environment Atmospheric Research Laboratory (PEARL) in Eureka, Maido ob-
servatory in Reunion Island, the Observatoire de Haute Provence (OHP) in France, and the NASA Table
Mountain Observatory (TMO) in the United States are equipped with both tropospheric and stratospheric
lidars. At the Eureka observatory, the tropospheric lidar system makes measurements from 0.5 km to about
8 km in altitude and the stratospheric lidar system operates from about 4 km to 35km [6, 7]. At the Maido
observatory, the tropopspheric DIAL makes measurements from 6 km to 16 km, and the stratospheric DIAL
operates in the 13 km to 38 km region [8]. At the OHP observatory, the tropospheric DIAL system operates
from 2.5 km to about 14.5 km, and the stratospheric DIAL operates from about 10 km to 45 km [9, 10]. At the
TMO, the tropospheric DIAL system obtains measurements from 3 km to 18 km, and the stratospheric DIAL
system from 10 km to 40 km [11, 12]. Although these systems can produce satisfactory ozone profiles in their
overlapping region (from tropospheric lidar to stratospheric lidar), the uncertainty of merging is not well
defined. Providing a single ozone profile with a full uncertainty budget using both sets of measurements can
significantly improve our measurements of ozone in the UTLS [13-15].

Here we apply the Optimal Estimation Method (OEM) to tropospheric and stratospheric DIAL measure-
ments. Measurements from these two systems are simultaneously used by the retrieval to obtain a single
ozone profile. Using the OEM there is no need to “merge” or “glue” level 0 profiles. Moreover, the input
measurements can be in different units with different measurement grids (for example a mix of analog and
digital measurements). Additionally, a full uncertainty budget, including both the systematic and statistical
uncertainties, is calculated for each individual profile. The OEM also provides averaging kernels of the re-
trievals, which allows comparison of the profiles with other measurements which can account for differences in
vertical resolution, such as when compared to space-based measurements. Other atmospheric and systematic
parameters such as air density, the dead time of the system, and the background counts can be retrieved along
with ozone profiles. The application of OEMs to aerosol lidar measurements, Rayleigh scatter temperatures,
and Raman scatter water vapour retrievals has been studied and discussed in detail [16-18]. In addition, we
have recently demonstrated an OEM for DIAL stratospheric ozone retrievals [19], which we will now expand
to include measurements from tropospheric ozone DIAL systems.

In this paper, focusing on the UTLS region, we show a first principle OEM to retrieve a single ozone
profile by using both tropospheric and stratospheric DIAL measurements directly from the raw (level 0)
measurements using the lidar equation as the forward model. In Section 2, pre-processing steps prior to
applying the traditional DIAL algorithm, as well as the OEM, are discussed. Moreover, the state vectors and
the b parameter quantities are defined and a brief overview of the lidar’s specifications is given. In Section 3
results of the OEM retrieval, using both tropospheric and stratospheric lidar measurements, are discussed
in detail. In this Section, we also show our results of comparison between the ozonesonde profiles and our
retrievals. Section 4 is the summary of the paper, and in Section 5 we discuss our future plans. Details of how
to apply our method to a standalone tropospheric DIAL are given in the Appendix.

2. METHODOLOGY

In the DIAL system, two wavelengths are simultaneously transmitted to the atmosphere. One of the emitted
wavelengths is strongly absorbed by the constituent of interest (called the “on-line” wavelength) and the other
is weakly absorbed (called the “off-line” wavelength). For ozone measurements, selecting a wavelength pair
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depends on the altitude range of the measurements. For most studies, the ultraviolet (UV) spectrum is the
most efficient spectral region. A pair of wavelengths with strong UV absorption is needed to detect the small
amount of ozone which resides in the troposphere. However, for stratospheric ozone measurements, choosing
a laser that can reach higher altitudes in the stratosphere is the main concern [11, 20, 21].

The traditional analysis method for ozone number density uses the derivative of the ratio between the
“on-line” and “off-line” channels to calculate the ozone number density 1,,(,). A detailed discussion on the
tropospheric and stratospheric ozone retrievals can be found in [10, 22-25]. In the traditional analysis, some
corrections are applied to the raw lidar measurements, for example background counts should be removed.
In many systems this requires including the effects of signal-induced-noise (SIN). Any corrections due to
nonlinearity of the counting system (because of saturation) should also be applied to the raw counts. Finally,
the signals from different channels need to be merged to form a single measurement profile. This “corrected”
count profile is then used to calculate the ozone number density profiles. With the OEM, a forward model
encapsulates the geophysical properties and instrumental characteristics of the system, and our OEM retrieval
uses the raw (level 0) measurements from all available channels. A comprehensive explanation of the OEM
can be found in [26]; a brief description of the OEM follows below.

In the OEM a forward model is defined as the relation between the measurements vector y = (y1,y2, ..., Yn),
and the state vector x = (x1, X, ..., X;;). The forward model is:

y=F(x,b)+e¢ (1)

where b are the forward model parameters, which are assumed to be known, and € is the measurement noise.
We use the lidar equation as the forward model, where the raw counts are the measurements. The lidar
equation for unsaturated counts, Ny, is:

Nos(z, 1) = S22 0, D expl=2 [ Tloo, 0, TE0,) +6(1,2) + Dasm @Mzl + Nz, 1) @)

where N,,5(z, A;) is the number of backscattered photons. C(A;) is the lidar constant, which contains the area
of the receiving telescope, the total efficiency of the lidar system, and energy of the scattered photon. The
geometrical overlap is O(z), and B(A;, z) are the atmospheric backscattering coefficients which includes both
molecular and aerosol terms. The first term inside the integral corresponds to ozone absorption in which
00,(T(z), A;) is the ozone absorption cross section, which depends on atmospheric temperature, and no,(z) is
the ozone number density. The second term of the integral, a(A, z) contains the extinction coefficient which
is the sum of the extinction due to molecules and particles, and the last term ), 0,.(A)n.(z) is the extinction
by other absorbers. For ozone studies, the most common interfering gases are SO, , NO; and O,. The effect
of Oy is only considered when the selected “on-line” laser wavelength is shorter than 294 nm [12, 27]. In the
case of heavy volcanic eruption, SO, and NO; can significantly affect ozone retrievals [28]. However, in most
cases, for both stratospheric and tropospheric ozone studies the effect of these gases in final ozone retrievals is
negligible. Thus, the last term of integration is typically neglected [10].
The background counts are written as Nj,(z). In the presence of SIN, the background is fitted to an exponential
function of the form:
Np(z) = aexp(—bz) +c 3)

where a, b, and c are coefficients of the fit, which in the traditional method are determined analytically, but are
retrieved in our OEM retrieval using the analytic values as a priori coefficients [29].

When the intensity of the backscattered signal is high, the counting system can be affected by saturation.
This saturation can result in an observed count rate which is less than the true count rate. For a paralyzable
detector, true counts are related to the observed counts N, as follows:

Nobs = Ntrue exp(_KNtrue) 4)

and, for non-paralyzable detectors, the following equation can be used:

Nobs =T a7 (5)
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where « is the dead time of the detecting system. For the OEM retrieval the value of the dead time for each
channel is retrieved.

A. Implementing the OEM for the OHP lidars

Knowing the measurements vector and its covariance matrix S¢, and using an a priori profile and its associated
covariance matrix S,, the OEM calculates an optimal a posteriori state by minimizing a cost function:

Cost = (y —Kx)"S, ' (y — Kx) + (x = %)"S ' (x — X) (6)

As our forward model is nonlinear, an iterative numerical method is used. For our problem the Levenberg-
Marquardt iteration is a suitable numerical method. Then, the optimized state vector x is given as:

xip1 = X+ [(L+ 798, + KIS, KT (IKT'S, (v — F(xi, b)] — S, (x; — Xa)) (7)

where i is the iteration term, x, is the a priori profile, and K = % is the linearisation term for our nonlinear
forward model, called the Jacobian matrix. Finally, v; is a damping factor for the iteration, which is chosen at
each step to minimize the cost function. As suggested by [30] if the value of the cost function increases in a
step, v; will increase by a factor of 10, and if the value of the cost function decreases in a step, y; will decrease
by a factor of 2. The iteration stops when the cost function decreases to a value much smaller than the number
of measurements. There are other criteria which result in ceasing the iteration. Further details can be found in
[26].

To understand how measurements and a priori profiles contribute in the final retrievals, an averaging kernel
can be used. The relation between the retrieved state and the true state is described by the averaging kernel of
the retrieval. The averaging kernel is calculated as:

ax

Az%

= [K's,'K+S,']7'K'S, 'K ®8)
The retrieved quantity (X) can be written as follows:
¥=0-A)x,+Ax+e¢, )

where €, is the retrieval uncertainty and I is a unity matrix. A perfect retrieval, in the sense all the information
comes from the measurement with no effect from the a priori state, has averaging kernels equal to one, where
the first term of the above equation becomes zero. The width of the averaging kernel gives the resolution of
the retrieval at each height, here defined as the Full Width Half Maximum (FWHM) of each averaging kernel.

In order to find the state vector (from Eq. 7) the following quantities should be known: the measurements
and their covariances, the a priori profiles, the a priori profile’s covariance, and the model (b) parameters. The b
parameters are quantities in the forward model that are not being retrieved, because they are either well-known
or retrieving them is not possible. The uncertainty associated with the retrieval due to the b parameters is
calculated after the last iteration of the solution. The forward model and the Jacobians (K) for each of the state
vectors are calculated, and the Qpack package is used to perform the retrieval. Details of the Qpack software
are given in [31].

Here we retrieve the ozone density profile, relative air density, dead time values, and background counts.
Overlap functions, ozone cross sections, and Rayleigh scattering cross sections are considered as b parameters
in the forward model. Below, we discuss our choices of a priori profiles and b parameter values. The covariance
matrices associated with the measurements and a priori profiles are discussed as well, and these values are
summarized in Table 1.

In photon counting mode, when the signal is linear, the measurements statistical uncertainty follows a
Poisson distribution, and the number of counts at each altitude represents the measurement’s variance at
that height. There is no correlation between the digital counts in different layers of the atmosphere, so
the off-diagonal elements of the measurement’s covariance matrix are zero. However, for the OHP lidars,
analog measurements do not follow Poisson distributions. Calculating the measurement variance for each
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measurement point requires selecting n points before and after the specified point, and then fitting a straight line
to these 21 + 1 points, which is then removed. Next, the residual variance is calculated. For our measurements,
we tried different values for 1, and n = 3 provided the best fit for our measurements.

In order to determine the background counts in both the tropospheric and stratospheric measurements, the
mean of the counts above a specific height is calculated and used as the a priori for the “off-line” channels,
since SIN is negligible in these channels. The variance of the background counts divided by the number of bins
in the selected region is the uncertainty for the background a priori value. For “on-line” channels where SIN is
present, an exponential function is fitted to the signal and the coefficients of the fit are used as a priori values.
An uncertainty of 20% is assigned to these coefficient a priori values. The altitude above which the background
counts are determined is different for tropospheric and stratospheric lidars. Also, as the laser power in the
“online” channel is about 2 times stronger than the laser power in the “off-line” channel, the effect of SIN in the
“on-line” channel is more pronounced. The values we chose for the OHP lidars measurements are shown in
Table 1.

We retrieve the logarithm of ozone density profile. This choice is numerically more favourable to show small
changes in large numbers. The U.S standard model is used as the a priori ozone profile [32]. An uncertainty of
20% is assigned to this profile.

We retrieve the air density for both tropospheric and stratospheric measurements. However, below 15 km
the air density profile retrieved is in fact a convolution of air density and aerosol load. Mass Spectrometer
Incoherent Scatter Radar (MSIS) total density profiles are used as a priori profiles, and an uncertainty of 20% is
assigned to it [33]. To generate a full length a priori covariance matrix for both air and ozone density profiles at
altitudes below 12 km, a tent function with a correlation length of 300 m was used. At altitudes above 12 km
the correlation length was increased to 900 m. This choice of correlation length is because above 12 km, the
stratospheric lidar measurements have the most weight and the retrieval grid for these measurements starts
at 300 m. Using the forward model, the a priori of the lidar constants for both tropospheric and stratospheric
lidars are estimated. We assign a 10% uncertainty to the a priori of the lidar constants to account for changes
with time of laser power, atmospheric transmission, and system efficiency.

The overlap function, Rayleigh cross sections, and ozone absorption cross sections are assumed as b
parameters. Although these parameters are not being retrieved, the uncertainty associated to them contributes
to the final uncertainty budget. The assigned values for the overlap function, Rayleigh cross sections and
ozone cross section along with their standard deviations are listed in Table (1).

B. Description of the Lidars

The OHP lidars’ station (44°N, 6°E) has made routine measurements of ozone in the free troposphere and
stratosphere for the last three decades. The transmitter for the tropospheric system uses the fourth harmonic of
a Continuum Nd:YAG laser (266 nm) frequency shifted by Raman Stimulated Scattering in a D2 high pressure
cell [34]. The DIAL measurement makes use of the 1st and 2nd Raman Stokes lines at 289 nm (the “on-line”
wavelength) and 316 nm (the “off-line” wavelength). Backscattered photons are collected by a Cassegrain
telescope which is equipped with a 80 cm mirror. For the spectral separation of the two backscatter signals the
collected signal is passed from the telescope to a spectrometer.The signals are detected by a photomultiplier
tube (PMT). The system configuration is bi-axial, and the distance between the laser and the telescope axes is
0.5m. The overlap, O(z), is significant from the surface to about 4 km [35].

The stratospheric lidar system uses an XeCl excimer laser at 308 nm, with a repetition rate of 100 Hz. This
laser has an output energy of about 200 m]J for the “on-line” channel, while the “off-line” wavelength at 355 nm
is generated by the third harmonic of a continuum Nd:YAG laser with an energy of 50 mJ at 50 Hz. The
backscattered signal is collected by four Newtonian telescopes, each with diameter of 0.5m. The collected
signal is sent to a spectrometer which separates the signal into four wavelengths. Two of these correspond to
the emitted Rayleigh signals at 308 nm and 353 nm. The other two correspond to the Nitrogen Raman shifted
spectrum at 331.8 nm and 386.7 nm, respectively. The Rayleigh signals are separated further into high- and
low-gain photomultiplier channels. Hence, in total 6 photocount profile measurements are obtained. Further
details on the OHP tropospheric and stratospheric lidars can be found in [9, 10, 34].
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Parameter Value Standard Deviation
Stratospheric lidar measurements measured Poisson statistics
Tropospheric lidar measurements (digital | measured Poisson statistics

channels)

Tropospheric lidar measurements (analog | measured 3-point running standard de-
channels) viation

Retrieved a priori values

Ozone density U.S standard model 20%

Air density MSIS 20%

Deadtime empirical fitting 20%

Background for stratospheric measure-
ments (“off-line”)

Coefficients of SIN for stratospheric mea-
surements (“on-line”)

Background for tropospheric measure-
ments (“off-line”) digital channel

Background for tropospheric measure-
ments (“off-line and “on-line”) analog
channel

mean above 80 km
empirical fitting above 80 km
mean above 20 km

mean above 12 km

o above 80 km

20%

o above 20 km

o above 12 km

Coefficients of SIN for tropospheric mea- | empirical fitting above 12km | 20%
surements (“on-line”) digital channel

Lidar constants estimate from FM 20%
Forward model parameters

Rayleigh-scatter cross section Nicolet (1984) 0.3%
Ozone absorption cross section BDM (1986) 2%
Overlap function available at Dataset Citation A | 10%

Table 1. Values and associated uncertainties for the retrieved and forward model parameters.
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Dates 12 July 2017 14 July 2017 26 July 2017
Tropospheric lidar 2049 - 2357 2350 - 0219 2140 — 2237
Stratospheric lidar 2106 — 0142 2151 - 0221 2007 - 0016
Ozone sonde 2153 2348 2133

Table 2. Measurements periods for the tropospheric and stratospheric lidars systems and launch times for
the ozonesondes.

3. OEM OZONE RETRIEVAL IN THE FREE TROPOSPHERE AND STRATOSPHERE

In this section we present the result of combining the two lidar measurements to retrieve a single ozone profile.
We choose measurements from 12 July 2017 as this night has both clear skies and coincident measurements
from the NDACC-LAVANDE intercomparison campaign. The results for the nights of 14 and 26 July 2017 are
presented as well (see Table. 2). Our first example retrieval will be from the night of 12 July 2012, where the
tropospheric lidar operated from 2049 to 2357, and the stratospheric lidar operated from 2106 to 0142 (all local
time). An ozonesonde was launched at 2153 from the OHP station and the tropopause height was at 14.7 km.

For the tropospheric lidar system, the native resolution of measurements is 7.5m for the analog channels
and 30 m for the digital channels. For the stratospheric lidar system, the native resolution of measurements for
all six channels is 150 m. Our retrieval starts at 2.6 km with a resolution grid of 150 m. At 11 km the retrieval
grid changes to 500 m, and at 21 km it changes to 1500 m, and finally, at 25 km height, it becomes 1700 m. We
chose these retrieval grids to be closer in vertical resolution to traditional retrieval grids.

The averaging kernels calculated for the retrieval are shown in Fig. 1. The shape of the averaging kernels
define the sensitivity of the retrieval to the true state. As shown in Eq. 9, when the averaging kernel equals
1, the retrieval is sensitive only to the measurements. The vector area of the averaging kernels is defined as
Au, where u is a unity vector. When the area is close to 1, the retrieval is mostly independent of its a priori
value. In our retrieval the averaging kernel has an area of about 1 up to 42.2 km, indicating the retrieval is
mostly independent of the a priori profile. At about 11 km when the stratospheric measurements are added to
the retrieval grids, a small spike is observed in the curve. This spike disappears at higher altitudes.

60

i

B
o

Altitude (km)
8

[
o

W

0 0.2 0.4 0.6 0.8 1

Fig. 1. Averaging kernels for tropospheric-stratospheric ozone measurements. The averaging kernels are
only shown every 450 m for lower altitude (from 2.5 km to 11 km height), and every 1500 m in higher alti-
tudes for clarity. As is shown in the red curve, the area of the averaging kernel matrix has a small spike at
11 km, when the stratospheric ozone measurements are included.

The residual plots, which show the difference between the forward model and the actual measurements, for
both the tropospheric and stratospheric lidar are shown in Fig. 2. The four plots on top are the residuals for the
stratospheric measurements, and the four plots at the bottom are residuals for the tropospheric measurements.
As shown in the figure, for both low-altitude and high-altitude channels the forward model can successfully
encapsulate the physics of the atmosphere and the characteristics of the lidars, and, up to 50 km, the difference
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between the forward model and the actual measurements is less than 5%. The ozone profile for the night
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20 T2 z8 = 3
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Fig. 2. The percentage difference between the forward model and the actual measurements are shown in
blue. The statistical uncertainty is plotted in red. The four plots on top are the stratospheric forward model
residuals, and the four plots at the bottom are the tropospheric forward model residuals. For digital count-
ing systems, the Poisson distribution is appropriate and the variance of the measurements at each altitude
is the number of photons at that altitude. However, the output signals of the analog channels do not fol-
low a Poisson distribution and to find the variance a 3-point running filter is used. As a result the red line
(which indicates the noise of measurements) for the analog channels is more structured then for the digital
channels.

of 12 July 2017 is retrieved from 2.6 km to 42.2 km altitude. In Fig. 3 the OEM retrieval is plotted against
the traditional stratospheric and tropospheric retrievals. The traditional ozone retrieval starts from 2.5 km
and extends to 14.5 km, and the traditional stratospheric ozone retrieval starts at 11 km and extends to about
42 .2 km. The tropopause height on this night is at 14.7 km. For comparison purposes the ozonesonde profile
which starts from the ground and goes up to 33 km is shown as well. On this night of measurements, the
ozonesonde balloon was released at 2153 from the station (44°N, 5.8°E). During the time of fly it drifted
southeastward, such that 1.5 hours later, at the altitude of 33 km, its location was (43.6°N, 6°E).

To demonstrate how the OEM retrieval performs in the region where the tropospheric measurements are
merged with the stratospheric measurements, we consider the retrievals in the region between 6 km to 17 km.
As shown in Fig. 3, until about 11 km the OEM retrieval is closer to the traditional tropospheric analysis. At
11km where the stratospheric measurements are added, the OEM retrieval’s result becomes closer to the
traditional stratospheric analysis, though the value of the number density in this region tends to be between
the two traditional stratospheric and tropospheric retrieval values.

The vertical resolution of the OEM retrieval is calculated from the full width at half maximum (FWHM) of
the averaging kernel at each altitude. The vertical resolutions as well as the statistical uncertainties of the OEM
and the traditional retrievals are plotted in Fig. 4. In the free troposphere, at an altitude of 2.5 km, the vertical
resolution for the OEM retrieval is 150 m, increasing to 300 m at 11 km. The traditional vertical resolution starts
at 150 m as well, but grows faster such that at 11 km the vertical resolution is 1000 m (Fig. 4, right panel). The
trade-off is that the uncertainty of the retrieval in the traditional method is smaller, so that at 11 km it is 4.5%
as opposed to the OEM retrieval which has a larger uncertainty of 7.5%. At 11 km where the stratospheric
measurements are added, the OEM vertical resolution is 300 m and gradually increases up to 600 m at 14.5km,
whereas, in the traditional tropospheric method, the retrieval resolution increases to 1900 m at the same height.
At 21 km altitude, the vertical resolution is 1500 m, while at 25 km it is 1700 m. The vertical resolution does not
change until 40 km, where due to the rapid drop in SNR it increases to 2000 m.

The percentage difference between the OEM retrieval and the ozonesonde measurements is shown in
Fig. 5. For most heights the difference between the OEM retrieval and the sonde measurements in within the
uncertainty of the two profiles. At 10km, the difference between the sonde and the OEM retrieval is almost
30%. Above this altitude, and in the UTLS, the difference between the two profiles is less than 10%

The systematic and statistical uncertainties for the retrieved ozone profile for this night are shown in Fig. 6.
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Fig. 3. The OEM retrieval (red curve) compared to the traditional calculation of ozone using the OHP lidar
systems. The tropospheric lidar starts at 2.5 km and extends upward to 14.5 km (blue curve). The ozone
profile measured by the stratospheric lidar system (black curve) overlaps with the profile retrieved from the
tropospheric lidar system in the UTLS. In this region, the OEM retrievals smoothly transition from relying
primarily on the tropospheric lidar measurements to the stratospheric measurements.
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Fig. 4. Left panel: The statistical uncertainty of the OEM retrieval (red curve) is plotted against the statistical
uncertainty of the traditional retrievals. The uncertainty of the retrieval for the stratospheric and tropo-
spheric lidar systems respectively are shown in black and blue. Right panel: The vertical resolution of the
OEM retrieval is shown in red. The vertical resolution of the traditional calculation from the tropospheric
lidar system is shown in blue, while the vertical resolution of the retrieved profile produced from the strato-
spheric lidar system is shown in black.

The systematic uncertainties due to Rayleigh cross sections, the ozone absorption cross sections, and the
overlap function are the b parameters in the forward model which contribute to the uncertainty of the ozone
retrieval. The Rayleigh-scatter cross section uncertainty for both tropospheric and stratospheric lidars has a
significant contribution. At lower altitudes (below 5 km) the Rayleigh-scatter uncertainty (for tropospheric lidar
measurements) has a value of about 10%. At higher altitudes (above 14 km), this value becomes less than 1%.
In the stratosphere, the Rayleigh-scatter uncertainty is about 8% (at 15 km height) and this value drops to about
1% at altitudes above 20 km. These values for the tropospheric and stratospheric Rayleigh-scatter uncertainties
agree with the calculated values in the Leblanc et al. NDACC Lidar Working group [36] uncertainty budget
for the traditional calculation (respectively 8% and 10%). The ozone absorption cross section for the 289 nm
channel is about 5% which is close to the 7% uncertainty calculated by [36]. For stratospheric measurements,
the ozone uncertainty has its maximum of 4% at the bottom of retrievals, which is higher than the calculated
uncertainty of 2% in [36] uncertainty budget. The uncertainties due to the overlap function at is 5% at the
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Fig. 5. The percentage difference between the OEM retrieval and the ozonesonde measurements (blue

curve) is plotted within the total statistical uncertainty of the OEM retrievals plus the ozonesonde mea-
surement (red curves).

bottom of retrieval and, at 10 km it drops to about 1%. The uncertainty due to the ozone cross sections at
316 nm and 353 nm are negligible and are not shown in this plot. Also, the uncertainty on the retrieved ozone
profile due to the temperature uncertainty of the ozone cross section is negligible as well.

50
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Fig. 6. Uncertainty budget on the night of 12 July 2017. The statistical uncertainty of the retrieval (blue), the
Rayleigh-scatter cross section uncertainty at 308 nm (dashed line red), the Rayleigh-scatter cross section un-
certainty at 289 nm (dashed line yellow), the ozone absorption cross section at 308 nm (dashed line purple),
the ozone absorption cross section for the 289 nm channel (dashed line green), and the overlap function for
the 289 nm channel (dashed line light blue) all contribute to the budget. The horizontal dashed line shows
the height below which the retrieval is independent of the a priori profile.

Ozone density profiles are also retrieved for the nights of 14 July 2017, and 26 July 2017, each of which also
had coincident ozonesonde measurements. On July 14 2017 the tropopause height is 12.5 km. The traditional
retrievals of tropospheric and stratospheric lidars, at altitudes between 10 km to 15 km, are not consistent with
each other (Fig. 7). The percentage difference between the traditional tropospheric and stratospheric ozone
profiles in this region reaches its maximum of 33% at a height of 11.8 km. The OEM retrieval, similar to the
night of 12th July, smoothly hands off from one lidar’s measurements to the other one, and in this case is
closer to the traditional stratospheric DIAL measurement. Also, the statistical uncertainty of the OEM retrieval
reaches its maximum at about 12km. The figure also shows the OEM retrieval compared with the sonde
measurements. The ozonesonde was released from the station (44°N, 5.8°E) and it flew to the southeast. At its
maximum height, the ozonesonde was located at (43.5°N, 6.3°E), and was not more than 50 km away from the
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OHP station. Similar to 12 July 2017, the percentage difference between the OEM and the sonde measurements
is within the two profiles uncertainty.

On the night of 26 July 2017, the two ozone profiles calculated by the traditional method are inconsistent in
the region from 12 km to 14 km are inconsistent with each other in the region of the tropopause (13.3 km). The
OEM retrieval can smoothly transition from the tropospheric measurements to the stratospheric measurements
(Fig. 8). Although, the OEM and the traditional analysis in the lower troposphere are match well (their
difference is about 2%), the sonde profile is far from the two retrievals, and the difference between the sonde
measurements and the lidar measurements (both the OEM and the traditional analysis) is greater than 60%.
The ozonesonde, similar to the other nights, was released from the station, but comparing to the other nights
it moved slightly farther toward the south, such that at its maximum height its location was (43.1°N, 5.8°E).
Thus, the sonde was within approximately 100 km of its launch point.
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Fig. 7. OEM ozone-profile retrieval on 14 July 2017 (red curve). The tropospheric traditional retrieval (blue
curve) extends from 2.5 km to 15 km, while the stratospheric traditional retrieval (black curve) extends
from 10 km to 43 km. At the region where the tropospheric and stratospheric lidar measurements overlap,
the OEM can smoothly makes a transition from one lidar system’s measurements to the other system’s
measurements.

4. SUMMARY

We have introduced a first-principles OEM retrieval for tropospheric ozone profiles, as well as for a combination
of tropospheric and stratospheric ozone profiles. Using the DIAL lidar measurements, we retrieved ozone
profiles starting in the free troposphere and extending to the upper stratosphere. The results from our
implementation of the OEM are summarized below.

1. The forward model uses the lidar equation and works directly with the raw measurements. The forward
model provides a robust estimate of ozone profiles for clear nights.

2. The combined stratospheric-tropospheric DIAL OEM retrieval calculate a single ozone profile consistent
with all the measurements.

3. A new retrieval method for tropospheric DIAL ozone lidars is given in the Appendix.

4. We used four different channels for tropospheric ozone retrievals, and eight different channels for the
stratospheric-tropospheric ozone retrievals. The OEM has the advantage of using all these measurements
at the raw (level 0) stage; thus, no gluing or merging of profiles is needed.

5. For the tropospheric retrievals, the traditional method and our OEM retrieval produce similar results.
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Fig. 8. OEM ozone-profile retrieval on 14 July 2017 (red curve). The tropospheric traditional retrieval (blue
curve) extends from 2.5 km to 14 km, while the stratospheric traditional retrieval (black curve) extends
from 12.5km to 43 km. At the region where the tropospheric and stratospheric lidar measurements overlap,
the OEM can smoothly makes a transition from one lidar system’s measurements to the other system’s
measurements.

6. In the UTLS, the OEM retrieval smoothly transitions from one lidar system to the other system. The
vertical resolution of the OEM retrievals in this region is about 600 m, and the retrieval uncertainty due
to measurement noise does not exceed 7%.

7. Both tropospheric and tropospheric-stratospheric retrievals provide a full uncertainty budget which
includes both statistical and systematic uncertainties.

5. CONCLUSIONS

We used simultaneous tropospheric and stratospheric lidar measurements with the OEM to retrieved ozone
profile from 2.5 km to above 40 km. The OEM method has no need for “gluing” or “merging” the tropospheric
and stratospheric measurements, as all measurements are simultaneously considered when retrieving a single
ozone profile. Therefore, unlike the traditional method in which the two profiles can show considerable
differences in the UTLS, our OEM retrieval provides a single ozone profile consistent from the measurements
from both lidar systems, and includes the vertical resolution and a complete uncertainty budget. This result is
a significant advantage of the OEM.

Our forward model has been tested under clear sky conditions. However, in the UTLS region, clouds and
significant aerosol loads can exist. We are planning to augment our forward model to allow for inclusion
of aerosols, as well as other trace gases. Furthermore, as our methods allows the calculation of averaging
kernels for the retrieval, we are interested in comparing our retrievals with satellite measurements, as well as
processing more of the OHP measurements.

6. APPENDIX 1: TROPOSPHERIC OZONE LIDAR RETRIEVALS

We have demonstrated a retrieval for stratospheric ozone profiles using the OEM and measurements from
a stratospheric DIAL lidar [19]. In addition to the combined retrieval discussed here, the OEM retrieval
presented in this work can be applied separately to tropospheric lidar systems. For tropospheric DIAL lidars,
the overlap function must be added to the forward model, and this is the main difference between the two
systems aside from including the different parameters associated with the different choice of wavelengths in
a tropospheric DIAL system. Another difference is that for the OHP tropospheric lidar, the analog channel
counts (as discussed in details in A) do not follow a Poisson distribution.
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The averaging kernels for the tropospheric retrieval is shown in Fig. 9. Below 14.2 km (where the horizontal
dashed line is plotted), at least 90% of the ozone profile is retrieved from the measurements. Although, the
retrieval extends to 16.5 km, we only consider the retrieved profile up to 14.2 km in height (above this altitude,
the ozone profile starts falling into the a priori profile). In higher altitudes when the SNR drops, the averaging
kernel becomes smaller and the retrieval falls back to its a priori value. The residual plots are similar to one
shown in Fig. 2.

Altitude (km)

0 0.2 0.4 0.6 0.8 1
03 Averaging Kernel

Fig. 9. Averaging kernels for the ozone density for the measurements on 12 July 2017. The horizontal
dashed line is the height cut-off above which the sensitivity of the retrieval to measurements is less than
90%. The averaging kernels are only shown every 450 m in altitude. The summation of rows in the averag-
ing kernel matrix, for each specific height, is shown by the red curve.

The retrieval starts from 2.5 km, with 150 m steps, and extends to 14.2 km. The ozone retrieval resulting
from the OEM code is plotted against the sonde profile and the traditional profiles (see Fig. 10). The OEM
retrieval and the traditional method are within good agreement for most heights. Above 12 km the difference
between the OEM and the traditional profile reaches to its maximum of 25%.

18
Sonde
Traditional

161 12 July 2017
OEM

-
=
T

iy
no
T

Altitude (km)
=}

(=2} (e=]
T T

I~
T

0 0.5 1 1.5 2 2.5 3
Ozone (molefcm®) %102

Fig. 10. Both the OEM retrieval (red curve) and the traditional retrieval (blue curve) extend from 2.5 km to
14.2 km. The ozonesonde profile is plotted in green. The black dashed line defines the cut-off altitude of the
retrieval.

The statistical uncertainties and vertical resolution of the traditional and OEM retrievals are shown in Fig. 11.
The OEM retrieval has a better vertical resolution but higher uncertainty. The OEM retrieval resolution at
2.5km is 150 m and at 14.2 km it becomes 600 m. As shown in the right panel of Fig. 11, the vertical resolution
in the OEM retrieval is 200 m until about 10 km altitude. At an altitude of 5.5 km, where the photon counting
signals are added, a small spike is observed. The traditional vertical resolution starts at 150 m and reaches
to 1500 m at 14.2 km. The uncertainty of the OEM and the traditional method are similar for the first few
kilometers. At 5.5 km, where the digital measurements begin, both methods have an uncertainty smaller than
1%. Above 5.5 km, the uncertainty in the OEM retrieval grows larger, and at 14.2 km it becomes 10.2%. The
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uncertainty of the traditional retrieval becomes larger as well, however at 14.2 km it is 7%. As shown in our
stratospheric retrieval, the data and retrieval grids, as well as the correlation lengths, in the OEM method can
be chosen to trade off larger vertical resolution for lower statistical uncertainty, like in the traditional method.
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Fig. 11. Left panel: The statistical uncertainty of the OEM retrieval (red curve) as well as the statistical uncer-
tainty of the traditional retrieval (blue curve) for 12 July 2017. Right panel: Vertical resolution of the OEM
retrieval is shown in red, while the vertical resolution of the traditional retrieval is shown in blue. The spike
at 5.5 km in the OEM uncertainty is from the inclusion of the digital channels at this height.

OEM tropospheric ozone profile have also been retrieved for measurements on the nights of 14 July 2017
and 26 July 2017. The OEM retrieval for the night of 14th July is in good agreement with the traditional method,
and for most heights, the difference between the two methods is small. At 11.5km, the OEM retrieval has a
better agreement with the sonde profile, but the difference between the two methods is only 2.5%, which is
within their statistical uncertainty (see Fig. 12). On 26 July, at all altitudes above 3 km, the difference between
the traditional and the OEM retrievals is less than 2%.
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Fig. 12. For the nights of 14 July and 26 July 2017, the tropospheric OEM retrieval is shown in red, the tradi-
tional retrieval is in blue, and the ozonesonde profile is in green. The horizontal dashed line is the “cut-off”
altitude below which the OEM retrieval is mostly independent of the a priori ozone profile assumed. Left
panel: retrievals for 14 July 2017. Right panel: retrievals for 26 July 2017.

A. Dataset Citation
G. Ancellet, ftp://ftp.cpc.ncep.noaa.gov/ndacc/meta/lidar/ga-ohp-tropo-ldr.txt
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